5Ј-AMP-activated protein kinase; wortmannin; 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside; AMPK kinase dead; extensor digitorum longus muscle TRANSLOCATION OF THE GLUCOSE TRANSPORTER GLUT4 from intracellular storage vesicles to the sarcolemma and T-tubules is important for skeletal muscle to increase glucose uptake in response to various stimuli (31) . Although it is well established that both insulin and contraction increase glucose uptake through distinct signaling cascades (10) , the exact pathways are yet to be elucidated. TBC1 domain family member 4 (TBC1D4, previously known as AS160), has been identified as a component of the insulin-signaling cascade downstream of Akt (protein kinase B) (15) . TBC1D4 contains a Rab-GTPaseactivating protein (GAP) domain thought to impede GLUT4 exocytosis by promoting conversion of target Rabs to an inactive GDP-bound form. It is believed that phosphorylation of TBC1D4 directly or indirectly inhibits its Rab-GAP function (16, 23) . TBC1D4 has been proposed as a nexus for insulinand contraction-signaling pathways as it appears to be involved both in insulin-stimulated GLUT4 translocation in 3T3-L1 adipocytes and L6 muscle cells (23, 27) and in insulin-and contraction-stimulated glucose uptake in skeletal muscle (16) .
Recently, TBC1D1, a candidate gene for development of severe obesity and a closely related paralog of TBC1D4, was identified as an Akt substrate (25) . Recombinant congenic mice lacking TBC1D1 were reported to be protected against dietinduced obesity, likely due to interference with both lipid and glucose metabolism (2) . Furthermore, silencing TBC1D1 in L6 muscle cells by siRNA increases basal and insulin-stimulated GLUT4 translocation (12) , and overexpression of TBC1D1 in 3T3-L1 adipocytes with low endogenous TBC1D1 expression inhibits insulin-stimulated GLUT4 translocation, and this inhibitory effect is reversed by expression of a mutated form of TBC1D1 in which the GAP domain has been inactivated (22) . Current data thus suggest that TBC1D1 exerts a regulatory role in metabolism and that this role occurs through regulation of its GAP activity.
TBC1D1 and TBC1D4 are 47% identical in sequences, while their GAP domains share 79% identity (22) . The two proteins show the same specificity toward Rabs and share several other structural features (22) . They also contain conserved Akt phosphorylation sites, and, like TBC1D4, TBC1D1 is phosphorylated in response to insulin and the AMPK activator 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) in cultured cells (3, 4) . In skeletal muscle TBC1D1 is repeated to be phosphorylated in response to insulin, AICAR, and contraction in skeletal muscle (9, 26) . Thus, TBC1D1 is another possible point of convergence between the insulin-and contraction-signaling pathways in skeletal muscle. Both TBC1D1 and TBC1D4 are expressed in skeletal muscle (3, 26) . TBC1D4 is predominantly expressed in more oxidative muscles such as soleus, whereas TBC1D1 is expressed in more glycolytic muscles, such as tibialis anterior and extensor digitorum longus (EDL) (26) . As AMPK is highly activated during muscle contraction (11, 14, 29) , the above findings raise the question whether AMPK activation mediates phosphorylation of TBC1D1 during contraction.
In 3T3-L1 adipocytes, binding of 14-3-3 proteins to phosphorylated TBC1D4 is required for insulin-stimulated GLUT4 translocation (20) . Recently, it was reported that activation of AMPK in L6 myotubes increased phosphorylation of Ser 237 and 14-3-3 binding to TBC1D1, whereas stimulation with insulin promoted Thr 596 phosphorylation but not 14-3-3 binding (4) . Hence, these observations may suggest that sitespecific phosphorylation of TBC1D1 determines the binding affinity of 14-3-3 proteins and perhaps (by analogy with TBC1D4) its GAP activity. To date, the phosphorylation status of TBC1D1 in skeletal muscle has been evaluated using the phospho-Akt substrate (PAS) antibody, which recognizes phosphorylated Akt substrate motifs within an (R/K)X(R/ K)XXS*/T* sequence. To further explore the regulation of TBC1D1, we performed analyses of TBC1D1 phosphorylation using site-and phosphospecific antibodies generated against two established phosphorylation sites (Ser 237 and Thr 596 ), together with analyses of 14-3-3 binding capacity to TBC1D1. To delineate the role of AMPK, these studies were performed in muscles from wild-type (WT) mice as well as mice expressing a dominant negative AMPK␣2 construct (17) .
MATERIALS AND METHODS

Animals.
All experiments were approved by the Danish Animal Experimental Inspectorate and complied with the European Convention for the Protection of Vertebrate Animals Used for Scientific Purposes. The muscle-specific AMPK␣2 kinase dead (KD) animals used in these experiments have previously been described (17) . Briefly, the animals overexpress a Lys 45 -to-Arg mutant of the ␣2 protein, driven by a heart-and skeletal muscle-specific creatine kinase promoter. All animals used in these experiments were 10-to 14-wkold female littermates and were maintained on a C57BL/6 background. Animals were kept on a 10:14-h light-dark cycle with unlimited access to standard rodent diet and water ad libitum.
Muscle incubations. Before surgery, all animals were anesthetized by intraperitoneal injection of pentobarbital sodium (6 mg/100 g body wt). For all experiments, EDL muscles were quickly excised and suspended at resting tension (3-4 mN) in incubation chambers (Multi Myograph system; Danish Myo-Technology, Aarhus, DK). All muscles were incubated in prebuffer (standard Krebs-Henseleit-Ringer buffer with addition of 8 mM Mannitol, 2 mM pyruvate, and 0.1% BSA) at 30°C and oxygenated with a gas mixture containing 95% O 2 and 5% CO2. For stimulation with insulin, muscles were incubated in prebuffer for 10 min and subsequently in prebuffer containing 60 nM insulin (Actrapid; Novo Nordisk, Bagsvaerd, Denmark) for 40 min. Muscles stimulated to contract were incubated in prebuffer for 40 min, and muscle contraction was subsequently induced by electrical stimulation with a 10-s train (100 Hz, 0.2 ms impulse, ϳ30 -40 V) per minute for 10 min. Muscles stimulated with AICAR were incubated in prebuffer for 10 min and subsequently in prebuffer containing 2 mM AICAR (Toronto Research Chemicals, Toronto, ON, Canada) for 40 min. When AICAR and insulin stimulation were combined, muscles were incubated in prebuffer for 10 min and subsequently in prebuffer containing AICAR and insulin (concentrations as above) for 40 min. When effects of insulin or AICAR were studied in combination with muscle contraction, muscles underwent 10 min incubation in prebuffer, 30 min of insulin or AICAR stimulation (as above) and subsequently 10 min of electrical stimulation (as above) in the presence of insulin or AICAR. Incubations with insulin or contraction in the presence or absence of the phosphatidylinositol 3-kinase inhibitor wortmannin dissolved in DMSO [wortmannin (0.5 M; Sigma), DMSO (0.01%; Bie & Berntsen, Rødovre, Denmark)] were performed as described above. After incubation, muscles were quickly collected and snapfrozen by immersion in liquid nitrogen and stored at Ϫ80°C for later processing. For all interventions, muscle were incubated pairwise; i.e., one muscle from an animal was used for stimulation, whereas as the muscle from the contralateral leg was used as control (basal/rest). WT littermates were used as controls for the AMPK KD mice.
Preparation of muscle lysate. Intact muscles were homogenized in ice-cold buffer [10% glycerol, 20 mM sodium pyrophosphate, 1% NP-40, 2 mM PMSF, 150 mM sodium chloride, 50 mM HEPES, 20 mM ␤-glycerophosphate, 10 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, 10 g/ml aprotinin, 3 mM benzamidine, 10 g/ml leupeptin, and 2 mM sodium orthovanadate (pH 7.4)] for 20 -30 s using a polytron (PT 3100, Brinkman instruments). Homogenates were rotated end over end for 1 h at 4°C and subsequently centrifuged at 16,000 g at 4°C for 20 min. Supernatants were collected and snap-frozen in liquid nitrogen and stored at Ϫ80°C for later analysis. Total protein concentrations were analyzed by the bicinchoninic acid method (Pierce Biotechnology, Rockford, IL).
Immunoprecipitation. Total TBC1D1 protein was immunoprecipitated (IP) from 300 g of total muscle lysate protein using 1 g of TBC1D1 antibody, as previously described (4) . Protein G-agarose beads (Sigma Aldrich, St. Louis, MO) were washed three times in PBS and added to the muscle lysate. Mixtures of lysate, antibody and protein G beads were rotated end over end overnight at 4°C, and beads were subsequently washed twice in ice-cold PBS and placed in SDS sample buffer for 5 min at 96°C.
SDS-PAGE and western blot analyses. Muscle lysate proteins were separated by SDS-PAGE and transferred (semidry) to PVDF membranes (Immobilon Transfer Membranes; Millipore, Bagsvaerd, Denmark). Membranes were then blocked for 1 h at room temperature (RT) in TBST ϩ 1% BSA (wt/vol, pH 7.4) for TBC1D1 phosphospecific antibodies and in TBST ϩ 2% skim milk powder (wt/vol, pH 7.4) for all other proteins. Blocked membranes were probed with primary antibodies (see Antibodies) overnight at 4°C and subsequently incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at RT. Thereupon, membranes were probed with ECL (Amersham Biosciences, Piscataway, NJ), and immunocomplexes were visualized using a Kodak Image Station 2000MM. Signals were quantified (Kodak 1D 3.6) and expressed as arbitrary units. Membranes used for 14-3-3 overlays or for detection of phosphorylated Akt or TBC1D1 were stripped with a buffer containing 100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris ⅐ HCl. Membranes were reprobed with the corresponding total antibody.
Antibodies. and Thr 596 , as previously described (4). The following antibodies were used to determine total protein expression: AMPK␣1 and AMPK␣2 as previously described (30) , Akt total (Upstate Biotechnologies), TBC1D1 as previously described (4), TBC1D4 (Upstate Biotechnologies). HRP-conjugated secondary antibodies were purchased from Dako (Glostrup, Denmark).
14-3-3 Overlay assay. 14-3-3 Binding capacity of TBC1D1 was assessed by a 14-3-3 overlay as previously described (19) . In brief, immunoprecipitated TBC1D1 proteins from mouse EDL muscles were subjected to SDS-PAGE and transferred to PVDF membranes. Membranes were blocked in TBST ϩ 1% (vol/wt) BSA (pH 7.4) for 1 h at RT and subsequently probed with digoxigenin (DIG)-labeled recombinant 14-3-3 proteins at 4°C overnight. Membranes were then probed with HRP-conjugated anti-DIG antibody (Roche, Basel, Switzerland) for 1 h at RT and subsequently probed with ECL (Amersham Biosciences). Immunocomplexes were visualized and quantified as described above.
AMPK activity assays. AMPK␣1 and AMPK␣2 containing heterotrimeric complexes were sequentially immunoprecipitated from 150 g of muscle lysate using isoform-specific AMPK antibodies as previously described (30) . After an overnight incubation at 4°C, the IP was washed once in IP buffer, once in 480 mM HEPES (pH 7.0) and 240 mM NaCl, and twice in 240 mM HEPES (pH 7.0) and 120 mM NaCl, leaving 10 l of agarose after the last wash. The reaction ran for 30 min at 30°C in a total volume of 30 l containing 80 mM HEPES (pH 7.0), 40 mM NaCl, 833 M DTT, 200 M AMP, 100 M AMARA-peptide (Schafer-N, Copenhagen, Denmark), 5 mM MgCl 2, 200 M ATP, and 2 Ci of [␥-
33 P]ATP (PerkinElmer, Skovlunde, Denmark). The reaction was stopped by adding 25 l of 1% phosphoric acid to the reaction, after which 50 l was spotted onto P81 filter paper (Whatman, GE Healthcare, Copenhagen, Denmark), which was then washed four times for 15 min in 1% phosphoric acid. The dried filter paper was analyzed for activity using liquid scintillation (Tri-Carb 2000, Packard Instruments). The ␣2 activity was analyzed by immunodepleting lysates for ␣1 heterotrimeric complexes by an overnight ␣1 IP, after which ␣2 was immunoprecipitated from the remaining supernatant. Neither one nor two overnight incubations at 4°C had any influence on the phosphorylation state of AMPK␣ subunits (data not shown). Also, the activity associated with each of the two pools of heterotrimeric complexes was unaffected by either one or two overnight IPs compared with a 4-h IP (data not shown).
Statistics. Data are expressed as means Ϯ SE. All statistical analyses were performed in SigmaStat 3.5 (Systat Software, Erkrath, Germany) using a t-test for data in Fig. 1 , a two-way ANOVA with repeated measurements for data in Figs. 2, 4, 6, and 7 and Tables 1,  2 , and 4, and one-way ANOVA for data in Fig. 3 and Table 3 . When ANOVAs revealed significant differences, Tukey's post hoc test was used for multiple comparisons. Correlation analyses in Fig. 5 were performed by obtaining Pearson's product moment correlation coefficient. P Ͻ 0.05 was considered statistically significant.
RESULTS
Protein expression of TBC1D1.
A five-to sixfold higher TBC1D1 protein expression in EDL muscle compared with soleus ( Fig. 1 ) led us to use the former in the present study. Interestingly, TBC1D1 protein expression was 33% (P Ͻ 0.01) lower in EDL muscle from the AMPK KD mice compared with WT mice (Fig. 1B) . By IP experiments we verified the specificity of the bands detected around 150 kDa using the anti-PAS antibody in Western blotting analyses (Fig. 1, C and D) . Thus, these experiments verified a previous observation (26) 150 kDa in mouse EDL muscle can be ascribed to TBC1D1. We furthermore showed that TBC1D1 and TBC1D4 can be separated by SDS-PAGE (Fig. 1, C and D) . Phosphorylation of and 14-3-3 binding to TBC1D1 during contraction requires AMPK. Ex vivo muscle contraction induced phosphorylation of TBC1D1 as detected by the anti-PAS, anti-phospho-Thr 596 and anti-phospho-Ser 237 antibodies in WT EDL muscle (Fig. 2, A-C) . Furthermore, 14-3-3 binding to TBC1D1 increased in response to contraction in WT EDL muscles (Fig. 2D) . In nonstimulated EDL muscles from the AMPK KD mice, phosphorylation of, and 14-3-3 binding to, TBC1D1 were markedly decreased (Fig. 2, A-D) . After normalization to total TBC1D1 protein, however, only the diminished levels of Ser 237 phosphorylation (47%, n ϭ 16, P Ͻ 0.01) and 14-3-3 binding (46%, n ϭ 16, P Ͻ 0.01) remained evident (data not shown), suggesting that decreased basal PAS and Thr 596 phosphorylation merely reflected the lower TBC1D1 protein expression in the EDL muscle of the AMPK KD and AMPK␣1 and -␣2 protein expression in EDL muscle from WT and AMPK kinase dead (KD) mice in response to contraction or insulin. AMPK␣1 and -␣2 activity in muscle from WT and AMPK KD mice in response to contraction. */**Difference between basal and stimulated muscle, P Ͻ 0.05/0.01; †/ † †difference between WT and AMPK KD mice, P Ͻ 0.05/0.01; ( †)differences between WT and AMPK KD mice are borderline significant (P ϭ 0.06). , and Ser 237 ) of, nor 14-3-3 binding to, TBC1D1 were increased by contraction (Fig. 2, A-D) . Ex vivo muscle contraction induced phosphorylation of Thr 172 of AMPK, and the AMPK activity associated with both the ␣1 and ␣2 catalytic subunits was increased in WT EDL muscle ( Table 1) . Neither of these measures of AMPK signaling was increased by contraction in EDL muscles from the AMPK KD mice. As expected, the basal activity of AMPK␣2 was markedly reduced (88%, n ϭ 16, P Ͻ 0.01; , and Ser 237 antibodies) of, and 14-3-3 binding to, TBC1D1 in a manner that was not additive with muscle contraction (Fig. 3, A-D) . We next addressed whether AMPK was required for the phosphorylation and 14-3-3 binding of TBC1D1 by using a stimulus that is normally regarded as AMPK independent, i.e., insulin.
Phosphorylation of Thr 596 by insulin is abolished in muscle from AMPK KD mice. Treatment of incubated WT EDL muscles with insulin, in contrast to contraction, did not induce increased Ser 237 phosphorylation of, or 14-3-3 binding to, 473 and Akt protein expression in EDL muscles from WT and AMPK KD mice in response to contraction or insulin. **Difference between basal and insulin-stimulated muscle, P Ͻ 0.01. Fig. 3 . Effects of 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR), contraction, and insulin on TBC1D1 phosphorylation and 14-3-3 binding. A and C: TBC1D1 PAS and Thr 596 phosphorylation. Insulin increased phosphorylation to a higher extent than AICAR and contraction ( ‡P Ͻ 0.05). Combining insulin with AICAR significantly increased phosphorylation above insulin levels ( §P Ͻ 0.05). Combining insulin with contraction did not increase phosphorylation above insulin levels. B: Ser 237 : AICAR and contraction increased phosphorylation equally alone and in combination. Combining AICAR or contraction with insulin decreased phosphorylation below AICAR or contraction levels ( §P Ͻ 0.05). D: 14-3-3 binding: AICAR and contraction alone and combined increased 14-3-3 binding to TBC1D1 to the same extent. Insulin alone did not increase binding, and combining AICAR and contraction with insulin did not alter binding from AICAR and contraction levels alone. The 6 basal groups were treated as independent groups. Data are related to basal from AICAR trial and expressed as means Ϯ SE; n ϭ 8. */**P Ͻ 0.05/0.01. TBC1D1, whereas marked increases in TBC1D1 phosphorylation detected by both the anti-PAS and anti-Thr 596 antibodies were observed (Fig. 4, A-D) . Intriguingly, the signals using these two latter antibodies did not increase in response to insulin in EDL muscle from the AMPK KD mice (Fig. 4, A and  C) . This was observed despite normal insulin-stimulated phosphorylation of Thr 308 and Ser 473 on Akt in the AMPK KD muscle (Table 2) . Insulin did not affect AMPK and ACC phosphorylation in EDL muscle of WT or AMPK KD mice (Table 1 ). In accordance with the data shown in Fig. 2 , all measurements of phosphorylation of, and 14-3-3 binding to, TBC1D1 were diminished in muscle from the AMPK KD mice, and only Ser 237 and 14-3-3 binding remained decreased after normalization to TBC1D1 protein expression. The lack of Ser 237 phosphorylation and 14-3-3 binding in response to insulin in WT EDL muscle was verified by another independent experiment (Fig. 3, B and D) . In that set of experiments, there was a tight correlation between phosphorylation detected with the anti-PAS antibody with that of the anti-Thr 596 antibody (R 2 ϭ 0.58, P Ͻ 0.001, n ϭ 42) but not with that of the anti-Ser 237 antibody (R 2 ϭ 0.00, P ϭ 0.98, n ϭ 44) (Fig. 5, C  and D) . This is in agreement with analyses of TBC1D1 mutants in cultured cells, which suggested that the anti-PAS antibody predominantly detects Thr 596 (4) . Taken together, these data suggest that basal AMPK activity is required for insulininduced Thr 596 phosphorylation of TBC1D1. To further explore the role of AMPK, we performed experiments in which treatments that activate AMPK, i.e., muscle contraction and AICAR, were given together with insulin. The increase in phosphorylation detected with the anti-PAS and anti-Thr 596 antibody was greater when AICAR and insulin were present together than when present alone (Fig. 3, A and  C) . Although mean values may appear to indicate similar effects on TBC1D1 PAS phosphorylation when contraction and insulin were combined, this did not reach statistical significance. TBC1D1 Ser 237 phosphorylation and 14-3-3 binding were not affected in an additive manner when any of the three stimuli were combined (Fig. 3, B and D) . In fact, decreases in Ser 237 phosphorylation were seen when insulin was combined with AICAR or contraction (Fig. 3B) . In the experiment investigating the additive effect of AICAR, insulin, and contraction, we observed a small, compared with insulin, but nevertheless significant increase in Akt Thr 308 and Ser 473 phosphorylation in response to both AICAR and contraction (Table 3) . Thus, in these experiments Thr596 phosphorylation could have been induced by this activation of Akt. Although such increased phosphorylation of Akt was not evident in the first series of experiments (Table 2) , we further clarified this by performing experiments in the presence of the PI3K inhibitor wortmannin. In WT EDL muscle, wortmannin abolished both basal and contraction-stimulated Akt phosphorylation on Thr 308 and Ser 473 (Table 4) . However, neither basal nor contractionstimulated phosphorylation of TBC1D1, detected using the Ser 237 , Thr
596
, or PAS antibodies, were influenced by wortmannin (Fig. 6, A-C) , suggesting that contraction-induced TBC1D1 phosphorylation occurs independently of the PI3K. To determine whether the insulin-induced TBC1D1 phosphorylation on Thr 596 was mediated through the canonical PI3K-Akt insulin-signaling cascade, we stimulated WT EDL muscle with insulin in the presence or absence of wortmannin. As expected, wortmannin completely prevented both basal and insulin-stimulated phosphorylation of Akt Thr 308 and Ser 473 (Table 4 ). This resulted in abolition of insulin-stimulated but not basal Thr 596 and PAS phosphorylation of TBC1D1, suggesting that insulin leads to phosphorylation of TBC1D1 Thr 596 through a PI3K-dependent mechanism (Fig. 7, A and C) .
DISCUSSION
In this paper, we show that insulin-and contraction-activated signaling pathways converge to cause phosphorylation of TBC1D1 on distinct sites in isolated mouse EDL muscle. Although contraction induced PI3K-independent phosphorylation on both Ser 237 and Thr 596 and increased 14-3-3 binding to TBC1D1, insulin induced phosphorylation only of Thr 596 in a PI3K-dependent manner, with no effects on Ser 237 phosphorylation or 14-3-3 binding. Using transgenic mice expressing a mutated AMPK␣2 catalytic subunit, we provide genetic evidence that phosphorylation of TBC1D1 on Ser 237 and 14-3-3 binding in resting muscles is dependent on AMPK. We propose that heterotrimeric AMPK complexes containing ␣2 may play important roles in this regulation of TBC1D1, as the activity of these specific complexes, but not the activity of AMPK␣1-containing complexes, was downregulated in nonstimulated muscle (Table 1) . Intriguingly, both contraction and insulin led to phosphorylation of TBC1D1 through AMPKdependent mechanisms. Whereas the diminished effect of insulin is likely to be caused by a decreased ␣2 activity, the effects of contraction and AICAR may be dependent on both ␣1 and ␣2, because the activities associated with both of these complexes were increased by these treatments in EDL of the WT (present study and Refs. 14 and 16a) but not the AMPK KD mice (present study and Ref. 16a). In a previous study, using EDL muscles from AMPK␣2 KO and KD mice, we also observed markedly reduced phosphorylation by use of the anti-PAS antibody during contraction and AICAR treatment (28) . In that study we attributed the anti-PAS signal to AS160 (TBC1D4). However, our data in the present study and those of others (26) strongly suggest that in mouse EDL muscle the majority of the PAS signal arises from phosphorylated TBC1D1 rather than TBC1D4. Thus, we propose that the lack of contraction-induced TBC1D1 phosphorylation in EDL muscles from AMPK KD mice is due to the markedly reduced activity of ␣2 complexes.
By use of an unspecific AMPK inhibitor (Compound C) (1), it was recently suggested that AICAR-and contraction-induced TBC1D1-PAS phosphorylation might be AMPK dependent in rat skeletal muscle (9) . However, the activity of at least 10 kinases is inhibited by Compound C with lower IC 50 values than AMPK (1), and several studies have reported inhibition of various biological events by Compound C independently of AMPK inhibition (6, 18) . Nevertheless, together with the genetic evidence provided in this study, the support for a role of AMPK becomes stronger. Thus, with the potential caveat of secondary adaptations in the KD mice, we provide genetic evidence to support this role of AMPK affecting both Thr and Ser 237 phosphorylation as well as 14-3-3 binding of TBC1D1.
The discovery of two homologous proteins, i.e., TBC1D1 and TBC1D4, which are both recognized by the anti-PAS antibody, underlines the importance of identifying the exact polypeptide(s) detected in the present study. Because immunoprecipitating TBC1D1 from lysates of EDL muscle removed the signal obtained with the anti-PAS antibody ( Fig. 1 and Ref. 26) , and because the signals obtained with the anti-PAS antibody and the anti-TBC1D1 antibody comigrate during SDS-PAGE of EDL muscle lysates (Fig. 1C) , we are confident that in EDL muscle from C57BL/6 mice the anti-PAS signal in analyses of lysates originates predominantly from TBC1D1. Furthermore, TBC1D1 and TBC1D4 migrate differently and can be resolved by SDS-PAGE (Fig. 1) . Despite this, in the present study we performed analyses on immunopurified TBC1D1 to decrease the risk of cross-contamination.
Phosphorylation of TBC1D1 on Ser 237 increased in response to contraction and AICAR treatment in a manner associated with 14-3-3 binding (R 2 ϭ 0.27, P Ͻ 0.001, n ϭ 43). Such an association was not seen with Thr 596 phosphorylation (R 2 ϭ 0.07, P ϭ 0.10, n ϭ 42) (Fig. 5, A and B) . As insulin promoted substantial Thr 596 phosphorylation without increasing 14-3-3 binding, these data indicate that Ser 237 phosphorylation plays role in mediating 14-3-3 binding to TBC1D1 in skeletal muscle, extending observations in L6 myotubes (4) . Binding of 14-3-3 proteins plays an essential role in TBC1D4-mediated GLUT4 trafficking and thus presumably in regulating the GAP activity of TBC1D4 (20) . Whether 14-3-3 binding is also involved in the regulation of the GAP activity of TBC1D1 has not been established, so the physiological significance of 14-3-3 binding to TBC1D1 is unclear. However, due to the close similarity of TBC1D1 and TBC1D4, it is tempting to propose that insulin-induced TBC1D1 Thr 596 phosphorylation is insufficient to cause 14-3-3 binding and may also be insufficient to regulate the GAP activity of TBC1D1.
Although it seems well established that TBC1D1 is phosphorylated in response to insulin, muscle contraction, and other stimuli (present study and Refs. 3, 4, 9, 12, 22, 26) , the physiological significance of these phosphorylations is yet to be established. Some insights, however, suggest that TBC1D1 does have a regulatory role in metabolism. Recombinant congenic mice lacking TBC1D1 display enhanced whole body and skeletal muscle fat oxidation (2) , and skeletal muscle from these mice displays decreased insulin-stimulated glucose transport. As the latter is counterintuitive to the proposed role of TBC1D1 in glucose transport, it is tempting to propose that in this model the decreased insulin-stimulated glucose transport is caused by the reduced GLUT4 expression in skeletal muscle from these mice (2) . However, as silencing of TBC1D1 in L6 muscle cells increases basal and insulin-stimulated GLUT4 translocation, and overexpressing TBC1D1 in 3T3-L1 adipocytes inhibits insulin-stimulated GLUT4 translocation, available data indicate a role for TBC1D1 in this process (12, 22) .
In the present study, we show that, in EDL muscle from AMPK KD mice, insulin-stimulated phosphorylation of Thr 596 on TBC1D1 is completely abolished. Yet, in muscle from these and other similar transgenic mice, maximal (8, 17) and sub- Data are related to basal control and expressed as means Ϯ SE; n ϭ 8. Akt phosphorylation on Thr 308 and Ser 473 and AMPK phosphorylation on Thr 172 in EDL muscles from WT mice in response to contraction or insulin in the presence or absence of wortmannin. */**Difference between basal and contraction/insulin-stimulated muscle, P Ͻ 0.05/0.01. † †Difference between control and wortmannin-incubated muscle, P Ͻ 0.01. maximal (unpublished observations) insulin-stimulated glucose uptake is unaltered, as is basal fatty acid oxidation (5) . On this basis, it may be suggested either that insulin-stimulated Thr 596 phosphorylation of TBC1D1 may have lesser effect on GAP function in muscle than in 3T3-L1 adipocytes or that TBC1D1 is not important for insulin-stimulated glucose uptake in mouse EDL muscle.
In this paper, we provide evidence that AMPK is a key regulator of TBC1D1 phosphorylation and 14-3-3 binding in skeletal muscle in response to contraction. Previous reports indicate that glucose uptake is only partially inhibited in the same AMPK-deficient mouse model in which contractioninduced TBC1D1 phosphorylation is completely abolished (13, 17) . Thus, if TBC1D1 phosphorylation at Ser 237 and/or Thr as well as 14-3-3 binding is involved in contraction-stimulated glucose uptake, other mechanisms must be involved as well. Although acute chemical inhibition of AMPK in rat epitrochlearis muscle inhibits TBC1D1-PAS phosphorylation along with inhibiting contraction-and AICAR-induced glucose transport (9), the inhibitor used, as discussed above, is known to be unspecific (1, 6, 18) ; thus, these data are inconclusive as to the roles of TBC1D1 and AMPK in AICAR-and contractioninduced glucose transport. Hence, further studies are needed to expand our knowledge on this issue.
Insulin increased the phosphorylation of TBC1D1 (detected using the PAS and Thr 596 antibodies) independently of any changes in AMPK activity as measured by phosphorylation of Thr 172 on AMPK and Ser 227 on ACC. However, lack of AMPK resulted in significant reductions in basal TBC1D1 phosphorylation and 14-3-3 binding and in total abolition of insulin-induced TBC1D1 phosphorylation and 14-3-3 binding. Furthermore, inhibiting basal Akt Thr 308 and Ser 473 phosphorylation with wortmannin had no effect on basal phosphorylation of TBC1D1 detected using the (26) by AMPK␣2-containing complexes may be required for insulin to exert its effects on TBC1D1 PAS and Thr 596 phosphorylation. This interaction between AMPK and insulin signaling is in line with observations in 3T3-L1 adipocytes in which AICAR treatment reduces the inhibitory effect of TBC1D1 overexpression on insulin-induced GLUT4 translocation (3) . Speculatively, the functional significance of this interaction in skeletal muscles could be related to the enhanced insulin action following prior AMPK activation as seen in response to AICAR (7) as well as muscle contraction (21) . Alternatively, it has been shown that TBC1D1 colocalizes with GLUT4 in response to the AMPK activator A-769662 in L6 myotubes (4) , suggesting that TBC1D1 translocates in response to AMPK activation. Thus, in mice lacking basal TBC1D1 phosphorylation by AMPK␣2, such as in the AMPK KD mice, TBC1D1 may be localized differently and may be unavailable for Akt when these muscles are stimulated with insulin.
In cell-free systems, prior Akt-induced phosphorylation of TBC1D1 on Ser 235 either prevents AMPK-induced phosphorylation of Ser 237 or decreases recognition of the anti-Ser 237 antibody (4). Although, it is not established whether Ser 235 is a physiological phosphorylation site, our data indicate the presence of a similar mechanism in intact skeletal muscle, as insulin partly inhibited both contraction-and AICAR-induced phosphorylation of Ser 237 (Fig. 3B ). In conclusion, AICAR, contraction, and insulin increase phosphorylation of distinct sites on TBC1D1 in mouse EDL muscle, but only AICAR and contraction induce enhanced 14-3-3 binding to TBC1D1. We provide genetic evidence that AMPK (most likely the ␣2 isoform) is required for contraction to induce these changes at TBC1D1 as well as for basal Ser 237 phosphorylation and 14-3-3 binding to TBC1D1. Finally, our data show that AMPK is also required for insulin to induce TBC1D1 Thr 596 phosphorylation on TBC1D1. Our data suggest that TBC1D1 is a point of convergence for PI3K-dependent insulin-stimulated signaling pathways and AMPK-dependent contraction-induced signaling pathways in skeletal muscle.
